T he retrotransposable elements that maintain telomeres in Drosophila are in many respects typical non-LTR retrotransposons but also have characteristics not found in their nontelomeric relatives (1) . These telomere-specific characteristics illuminate the biology of retrotransposon telomeres.
The telomere-specific retrotransposons HeT-A, TART, and TAHRE were originally characterized in Drosophila melanogaster but have been found in many other Drosophila. We have identified HeT-A and TART in Drosophila virilis, showing that these elements have maintained telomeres since before separation of the extant Drosophila species (40-60 Mya). Like their homologs in other species, the D. virilis elements transpose specifically to chromosome ends, where they form the mixed head-to-tail arrays that make up Drosophila telomeres (2, 3) .
Non-LTR retrotransposons are reverse transcribed onto the chromosome by target-primed reverse transcription (4) . The 3′ end of the RNA associates with a nick in chromosomal DNA. Reverse transcription of the RNA, primed by the 3′ hydroxyl of the nick, links the new copy of the element to the chromosome. The Drosophila telomere-specific elements are exceptional because they associate with the ends of chromosomes, rather than internal nicks, and transpose as terminal additions (1) .
The 5′ end of each newly transposed telomere-specific element serves as the extreme end of the chromosome until another element transposes to cap it and take over the terminal position.
During the time that an element forms the end of the chromosome, its 5′ end is at risk for terminal erosion. Analyses of D. melanogaster telomere arrays suggest there are at least two modes of loss from chromosome ends: relatively slow, gradual erosion and sporadic, more drastic, loss by terminal deletion. Even relatively slow loss would incapacitate the promoter of a typical non-LTR retrotransposon because these elements have their promoter sequences within the 5′ UTR and initiate transcription immediately upstream of the promoter (5) . The promoter is included in the RNA and moved to the new site, ensuring that the retrotransposon can be transcribed in its new location.
Analysis of the D. melanogaster HeT-A promoter showed that this element has an unusual solution to the problem of protecting its 5′ end. Its promoter is reminiscent of the promoters of LTR retrotransposons and retroviruses (6, 7) . Sequences in the 3′ UTR of HeT-A drive transcription of another immediately downstream HeT-A element; the upstream 3′ UTR acts as a "pseudo-LTR" for the downstream neighbor. Transcription starts within this pseudo-LTR so that terminal nucleotides plus the 3′ oligoA from the upstream element are added to the 5′ end of the RNA copy of the downstream element. (We define this added sequence as a "Tag.") In the new element, Tags become de facto extensions of the 5′ UTR sequence that can be eroded to protect essential sequence of the element. Full-length elements in telomere arrays have several partially eroded Tags on their 5′ ends, showing that Tags do provide protection of the end (8) .
Tags do not contain the complete promoter sequence (6) . Thus the pseudo-LTR promoter has a cost for HeT-A: an element can be transcribed only if it is capped by another HeT-A to provide a promoter. This cost is largely mitigated because most elements are capped by other HeT-As, and even severely 5′-truncated HeT-As usually retain enough 3′ sequence to serve as promoters for a downstream neighbor.
D. virilis HeT-A shares many of the characteristics of D. melanogaster HeT-A (9, 10) . Surprisingly, it does not have a pseudo-LTR promoter. Instead it has a typical non-LTR promoter located in the 5′ UTR and this promoter adds no 5′ protective sequence (7) . Nevertheless, the ratio of complete to truncated HeT-As seems to be as high in D. virilis telomere arrays as in D. melanogaster arrays. Apparently D. virilis has some other mechanism for protecting end sequence. The mechanism is not known but may be related to a notable difference between the UTR sequences of HeT-As of these two species. D. melanogaster elements differ by numerous indels and nucleotide changes in the UTRs. D. virilis UTRs do not show this variability (7) . We sug- To whom correspondence should be addressed. E-mail: mlpardue@mit.edu.
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gest that these conserved sequences in D. virilis UTRs may be necessary for precise associations with proteins and/or RNAs that process the extreme end of the telomere, prevent its erosion, and align reverse transcription of the next element.
Here we report characterization of the promoters and 5′ end protection of D. virilis TART and D. melanogaster TART. These two elements differ significantly. TART vir has a pseudo-LTR promoter similar to that of HeT-A mel . TART mel has a more typical promoter in its 5′ UTR but this produces an RNA transposition intermediate with a 5′ UTR shorter than those found in almost all identified elements. We suggest a model for extending an element's 5′ UTR when the element transposes; evidence for this model is presented in Results and the model delineated in Discussion.
Results

D. virilis TART Promoter Resembles the D. melanogaster HeT-A
Pseudo-LTR Promoter. The first indication that D. virilis TART has a pseudo-LTR promoter came from the λ phage we used to identify D. virilis telomere retrotransposons (2) . Two elements in these clones were full length, and each had multiple Tags of 3′ UTR sequence at its 5′ end (evidence for multiple transpositions onto the telomere). The Tags were variably eroded, as expected if they had been eroded while protecting essential sequence at the 5′ end (Fig. 1A) .
Further evidence that transcription starts within the 3′ UTR of an adjacent upstream TART comes from 5′ rapid amplification of cDNA ends (RACE) analysis of RNA from larval brains. Seven clones were sequenced, and four transcription starts were identified, 55, 109, 134, and 153 nt upstream of the oligoA of the upstream neighbor. Small sequence differences in these clones indicate that the RNA is transcribed from several different elements and that elements might use different start sites.
Like elements in the λ phage clones, TART transcripts from the brain have multiple variably truncated Tags, evidence that they were transcribed from elements that had transposed multiple times (Fig. 1) . Truncated TART vir Tags tend to be shorter than those of D. melanogaster HeT-A, suggesting that TART vir elements erode more rapidly or remain on the extreme end for a longer time than HeT-A mel . As a further test of TART vir promoter location, we studied the ability of segments of TART vir 3′ and/or 5′ UTR sequence to drive expression of a bacterial lacZ reporter gene (6, 7) . Constructs containing these sequences were transiently transfected into cultured D. virilis cells, and promoter activity was measured by β-galactocidase activity (Fig. 2) . Like HeT-A mel in D. melanogaster cells, the 3′ UTR of the downstream element has significant promoter activity. Addition of 5′ UTR sequence from the transcribed element enhances promoter strength (Fig. 2) , as was found for D. melanogaster HeT-A (6). This enhancement may have the effect of increasing transcription from promoters upstream of complete elements relative to promoters upstream of truncated HeT-As.
D. melanogaster TART Has Perfect Nonterminal Repeats. D. melanogaster TART does not have "pseudo-LTR" promoters, but it has another feature resembling retroviruses and LTR retrotransposons: each TART contains a pair of long repeated sequences that are clearly evolving together (11) , as are the LTRs of those other retroelements (12) . We propose that, as in LTR elements, the two TART repeats coevolve because both are reverse transcribed from one of two repeats in the RNA. However, in TART (a non-LTR element), the details of the coevolution mechanism differ radically from that in LTR elements: most notably, the 3′ TART repeat does not extend to the 3′ end of the element. Thus the TART repeats are not strictly terminal, and we refer to them as perfect nonterminal repeats (PNTRs). To understand the structure and proposed function of the 5′ end of D. melanogaster TART, it is important to understand the structure of the PNTR (Fig. 3) .
D. melanogaster has three TART subfamilies: A, B, and C (11). They seem to be functionally interchangeable but differ in se- quence. The UTRs show little or no sequence similarity between subfamilies at high stringency, but coding regions have at least 85% nucleotide identity. Nevertheless, all TART mel subfamilies share unusual UTR structures: all have PNTRs, and furthermore, the 5′ PNTRs not only fill the 5′ UTRs but, depending on subfamily, extend 84-126 nt into the gag coding region. PNTR DNA differences in the ORFs lead to subfamily-specific Gag differences in 10 of the first 32 aa, showing that nucleotide, rather than amino acid, sequence is dominant here. The 3′ end of the 3′ PNTR ends 308-439 nt upstream of the terminal oligoA, depending on subfamily. We refer to this terminal region of the 3′ UTR as the post-PNTR.
The 5′ ends of the PNTRs are the more complicated. The 5′ end of TART seems to be highly variable; the few available 5′ UTR sequences range from 33 nt (13) to 3,934 nt (14) , and each element sequenced has a different end. Lengths do not correlate with subfamily; both the longest and the shortest 5′ UTRs are TART-A. In every case the entire 5′ UTR is essentially identical to sequence in the 3′ UTR. Because PNTRs are defined by the identity of 5′ and 3′ sequences, elements with longer 5′ UTRs perforce have longer 3′ PNTRs that extend further 5′ to match their 5′ UTR. Different lengths of 5′ UTR do not affect the length of the post-PNTR at the 3′ end of the element.
Comparison of the Two Longest Available TART Sequences Provides Strong Support for the Conclusion that 5′ and 3′ PNTRs are Evolving
Together. The paucity of complete TART sequences precludes extensive analysis of PNTR sequence divergence; nonetheless, in database searches we found two TART elements that provide clear evidence that changes in one PNTR are copied in the partner. These elements belong to the same subfamily and are from D. melanogaster stocks separated long enough to have undergone some sequence change. The canonical TART-A, an Oregon-R element (AY561850), is 13,424 nt; the other, a Canton-S TART-A (AJ566116) has >99.9% sequence identity throughout this 13,424 nt but has an additional 2,175 nt of 5′ UTR (and hence PNTR) sequence.
These two elements overlap for the entire 1,850 nt of the shorter element's PNTR; most of the sequence differences between elements lies in this overlap. The two elements differ by one 35-nt indel, one 5-nt indel, and eight single nucleotides lost, gained, or replaced (see Fig. S1 for details of this comparison). Significantly, almost all differences in the two 5′ PNTRs are also in the two 3′ PNTRs. The two indel differences and five of the eight single-nucleotide differences are found in both 5′ and 3′ PNTRs of each element, a clear demonstration that sequence changes in one PNTR have been transferred to its mate. Interestingly, the three single-nucleotide differences that are not found in both PNTRs are found in only one PNTR of the Oregon-R element, one in the 5′ PNTR and two in the 3′ PNTR. If coevolution of the two PNTRs, like that of LTRs, occurs during reverse transcription when the element transposes, the three changes found only in one PNTR of the Oregon-R element may well have occurred after that element was reverse transcribed onto the telomere. We assume that differences occurring after transposition will be erased when a transcript of this element is reverse transcribed to yield a new copy.
Promoter Studies of D. melanogaster TART. To investigate the 5′ end of TART we searched the 5′ PNTR sequence for promoter activity with reporter constructs made from 3′ UTR sequence because the entire 5′ PNTR is contained within the 3′ UTR (Fig.  3) . Thus we could use 3′ PNTR sequences to make constructs to simulate longer 5′ PNTRs. (The 5′ limit of the 5′ PNTR is not yet defined because the lengths of known elements are so varied that there is no assurance that the longest element in any subfamily has been found. Thus the 5′ limit of any 3′ PNTR, determined perforce by identity to its 5′ PNTR, is not known.) Therefore, we began our largest reporter construct within the 3′ end of ORF2 so that we could test sequence upstream of the longest 5′ end now known. The last 84 nt of these PNTRs contains the first codons of ORF1 in the 5′ PNTR. These we replaced with our reporter gene to make the construct we consider the "putative full-length" 5′ PNTR. This construct and its modifications were used to search for promoter activity that would yield sense strand TART transcripts.
5′ Sense Strand Promoter Initiates Transcription Slightly Upstream of
the First ORF. The longest of the putative 5′ PNTR constructs gave strong promoter activity (Fig. 4) . The activity was not signifi- Fig. 3 . Comparison of typical members of the subfamilies of D. melanogaster TART. White: ORF1 (Gag) and ORF2 (Pol). Gray: 5′ and 3′ UTRs. Bent arrows: sense strand transcription starts, determined here and by Maxwell et al. (17) . Arrows in 5′ and 3′ UTRs: 5′ and 3′ PNTRs. Length of the 3′ PNTR is determined by identity with 5′ PNTR, so the 5′ limit of the 3′ arrow is determined by the 5′ extent of the 5′ UTR. Note that different elements in these same subfamilies can have longer or shorter 5′ UTRs. cantly diminished as large segments of 5′ sequence were deleted. In contrast, removal of 70 nt from the 3′ end almost completely eliminated the activity from both the longest and shortest constructs. This 70-nt deletion removed the downstream promoter element but left the initiator of a very good match to the initiator motif of 5′ UTR promoters typical of many non-LTR retrotransposons (5, 15) . Deletion of 212 additional 3′ nucleotides removed the rest of the match to the promoter and yielded essentially no promoter activity. We conclude that the only transcription start site driven by the promoter activity in the "putative full-length" 5′ PNTR is 75 nt 5′ of the ATG of ORF 1. This seems to be the only start that can produce the transposition intermediate RNA for TART.
Major Sense Strand Promoter in the 3′ UTR Does Not Direct
Transcription of the Downstream Element. Because the 5′ and 3′ PNTRs are identical, the promoter activity found at the 5′ end should also be active at the 3′ end. We do see small transcripts on Northern blots that might be the products of this promoter. We also considered the possibility that the 3′ promoter might be a pseudo-LTR promoter directing transcription of the downstream element. However, if the 3′ promoter drives transcription of its downstream neighbor, the transcript must continue through the termination signals at the 3′ end of the promoting element. To test this, we removed the reporter gene from the 5′ PNTR construct used above and added back the post-PNTR sequence and terminal oligoA to reconstruct the actual 3′ PNTR and its environment. The reporter gene was then added 3′ of the element's oligoA. We found no activity with these constructs. Because the constructs had strong activity when the 3′ end of the element was not included, the 3′ sequence must have caused transcription to terminate before reaching the reporter (Fig. 4) . We conclude that the 3′ sense strand promoter is responsible for the small 3′ UTR transcripts but rarely, if ever, reads through into the downstream element.
Both TART mel and TART vir Have Strong Antisense Promoters. TART elements from each species are the only two Drosophila retrotransposons known to produce a nearly full-length antisense RNA. In each, this antisense RNA is significantly more abundant than sense strand RNA (3, 13) .
The function of the large antisense transcript is not understood. Many antisense RNAs are regulatory. In the D. melanogaster germ line, TART transposition has been shown to be under RNAi control by 24-30 nt piwi-interacting RNAs, rather than by the large antisense transcript (16) . The large RNA might code for protein, but it has only a few short ORFs; nevertheless, its abundance and ubiquitous presence in different tissues and developmental stages strongly suggest it is important to TART biology. Because sense strand promoters have dramatically different architecture in D. virilis and D. melanogaster, we wondered whether the antisense promoters were equally divergent. By reporter mapping, we found that TART antisense promoters in the two species are very similar; each has a single or small cluster of start sites in the 3′ UTR several hundred nucleotides upstream of the 3′ terminus (Figs. S2 and S3) . Conservation of this feature suggests this long antisense RNA plays a significant role in TART biology, but, given the notable differences between TART mel and TART vir sense strand promoter architecture and 5′ end protection, it seems unlikely that antisense has a role in either of these activities.
Discussion
TART and HeT-A Homologs in D. melanogaster and D. virilis Have Evolved Different Methods of 5′ End-Protection. The study of TART mel and TART vir reported here, together with our earlier study of HeT-A from these two species (7), show that promoters of these telomere-specific retrotransposons have been reconfigured in unusual ways: ways that protect against loss of essential 5′ sequence whenever elements are exposed on the chromosome end. That protection increases the probability that some elements in the telomere always will be capable of transposition to maintain those chromosome ends. The pseudo-LTR mechanism seen for TART in D. virilis resembles that of HeT-A in D. melanogaster: in that each adds extra sequence by starting transcription outside the element (7). The mechanism used by TART in D. melanogaster is more complicated. As discussed below, our promoter assays and sequence analyses lead us to suggest that the TART mel 5′ PNTR is renewed at each retrotransposition and is itself the sacrificial sequence that protects from erosion and small-scale terminal deletions.
TART mel End-Protection Mechanism Differs from That of Other
Telomere Elements. TART mel is the only telomere-specific retrotransposon with PNTRs and also the only element for which the exact 5′ end has not been determined. Each of the available TART mel sequences has a different length 5′ UTR, and the lengths differ significantly. This is a dramatic contrast to the 5′ ends of the other three telomeric elements we have studied. HeT-A, from both D. melanogaster and D. virilis, and TART vir each have a single promoter for the full-length sense strand transcript, although that promoter drives two to four closely spaced transcription start sites.
For D. melanogaster TART we have also found a single promoter for full-length sense strand transcripts. As described above, it directs transcription from a start site 75-77 nt upstream of the first codon of ORF1. All but one known TART mel have 5′ UTRs too long to have been transcribed from this promoter. Thus the promoter architecture seems to be at odds with the longer 5′ UTRs found on most elements in telomeric arrays.
Although, by itself, our promoter study explains the length of only the shortest 5′ UTR, our results are entirely consistent with the analysis of TART initiation, polyadenylation, and splice sites reported by Maxwell et al. (17) . These authors used 5′ and 3′ RACE in an extensive study of TART RNA in larvae, adults, and cultured cells, using primers specific for each of the three TART subfamilies. As in our experiments, the 3′ UTR served as proxy for the 5′ UTR because primers designed for 3′ PNTR sequence also identify sequence in the 5′ PNTR. Surprisingly, almost all sense strand RNAs from the three subfamilies started at one or the other of two major sites, a site 75-77 nt upstream from the start of ORF1, and its duplicate sequence in the 3′ PNTR. These are the same two transcription starts identified by our promoter studies. Maxwell et al. (17) found only one polyadenylation site at the 3′ end of TART, suggesting that both the 5′ and 3′ start sites use the same termination point. This suggestion is supported by earlier studies showing that RNAs of the appropriate sizes are abundant on Northern blots (13) . No function is known for the short RNA initiated at the 3′ start site.
Only two other possible sense strand starts were found by Maxwell et al. (17) . One, seen only in cultured cells, would start transcription near the 3′ end of ORF1 in TART-B. A likely product of this start site has been reported in cultured cells (13) . Its function is not known. Their fourth start site was found only once and may be an artifact.
Thus, two different approaches, our study and that of Maxwell et al. (17) , find a single highly conserved start of transcription for the transposition intermediate RNA. Maxwell et al. (17) found this site in all three subfamilies, and our TART-B reporter constructs also identify the same site. The unexpected finding was that this start site is in the PNTR. The three TART subfamilies differ greatly in their PNTR sequences, yet the start site is conserved. Comparing subfamilies by the least stringent BLAST (blastn), we find small islands of nucleotide similarity surrounding the sense strand start sites, suggesting that these sequences have been conserved while surrounding UTR sequences have diverged.
Structure of the PNTRs and Their Coevolution Provide a Mechanism
for Replacing Sequence Upstream of the Transcription Start Site. The results discussed above make a strong case that TART mel transposition intermediate RNA does not encode large segments of the 5′ UTR found in transposed elements. We believe that the mechanism by which D. melanogaster TART maintains its 5′ end also involves its PNTRs. It is notable that the short 5′ UTR of the putative transposition intermediate is identical to the 3′ end of the 3′ PNTR. This, with the evidence discussed above, that sequence changes in one PNTR are copied into the other PNTR, suggests a model to derive a transposed element with a long 5′ UTR from RNA with a short 5′ UTR (Fig. 5) .
We suggest that a 5′ extension is added during transposition by repeating the reverse transcription of the 3′ PNTR. Specifically, we postulate that when reverse transcriptase reaches the 5′ end of RNA that is being reverse transcribed onto the chromosome, the enzyme makes a template jump to the identical sequence in the 3′ end of the 3′ PNTR (Fig. 5) . It then continues to extend the 5′ UTR of the new element by making a second copy of the 3′ UTR, thus elongating the 5′ UTR of the transposed element and incorporating any changes that have occurred in the 3′ PNTR.
This repetitious transcription adds sacrificial sequence that, like the Tags of TART vir and HeT-A mel , can be lost to terminal erosion without affecting the transposition competence of the transposed element. The extreme variability in the length of the 5′ UTR in genomic TART mel elements can be explained by variable termination of reverse transcription, by terminal erosion, by terminal deletions, or some combination thereof. D. melanogaster TART apparently has evolved a mechanism for maintaining its 5′ end that differs, in all details, but not in principle, from the one found for D. virilis TART.
Our proposed model provides one mechanism by which TART RNA with the short 5′ UTR found in our study could produce transposed elements with long 5′ UTRs. Alternatively, elements with long 5′ UTRs could be formed if RNA initiated in an upstream HeT-A or TART and read through a TART with a long 5′ UTR. Several read-through sequences have been found in EST libraries (17) . Whether or not these transcripts successfully transpose onto chromosome ends, the striking conservation of only one full-length sense strand promoter in the divergent UTRs of the three TART mel subfamilies argues that this promoter is the major contributor to the population of RNA transposition intermediates. In addition, coevolution of sequences in the two PNTRs is nicely explained if both are reverse transcribed from the same segment of RNA. Read-through transcription from an upstream element would not provide the correction of one sequence against the other.
For TART reverse transcriptase to make a second copy of the 3′ PNTR, it must make a template jump to the 3′ end of the 3′ PNTR after its first reverse transcription of the template RNA. Reverse transcriptases from some other non-LTR retrotransposons can make such template jumps. The reverse transcriptase enzyme of Bombyx mori element R2Bm makes template jumps to the 3′ end of a new RNA after reaching the end of its template (18, 19) ; template jumps have also been reported for mouse L1 (20) .
TART reverse transcriptase also must dissociate its RNA template from the cDNA made on its first pass over the 3′ PNTR so that it can make a second copy of the RNA. Retroviral reverse transcriptases have an RNase H domain that degrades its RNA template to free the cDNA for second strand synthesis. This RNase H domain is not found in non-LTR elements of the jockey clade to which TART belongs (21, 22) . Studies of the non-LTR element, R2Bm, show that its enzyme dissociates the cDNA-RNA complex without degrading the RNA before synthesizing the second DNA strand (19, 23) . If the TART enzyme can also extract the RNA template from the cDNA-RNA complex, it should be able to use the RNA for a second reverse transcription. Although the TART enzyme remains to be tested, we expect it will be able to do the job.
Conclusion. Analyses of Drosophila telomere arrays show that the retrotransposons making up these arrays are subject to terminal erosion. Although truncated elements can form the necessary structural extension of the telomere, these arrays must also contain some transposition-competent elements as breeding stock for continued extension of the telomeres. This study of TART mel and TART vir suggests that these two homologs have evolved different but effective ways of adding nonessential sequence to buffer loss and assure a supply of nontruncated elements in each array. Our earlier study of HeT-A mel and HeT-A vir showed that these elements also have evolved ways to maintain a similar supply of complete elements. Remarkably, these four telomere elements use three different mechanisms to protect 5′ end sequence.
Both HeT-A and TART have unusual characteristics that have been conserved over the 40-60 million years separating D. melanogaster and D. virilis. For example, HeT-As lack a gene for reverse transcriptase, and their Gag proteins are targeted to chromosome ends; TARTs produce abundant nearly full-length antisense RNA. It is intriguing that mechanisms of 5′ end protection have not been similarly conserved. Only HeT-A mel and TART vir use the same mechanism. The shared mechanism could reflect inheritance from a common ancestor, convergent evolution, or even horizontal transfer. (That three of these four telomere elements use different mechanisms of end protection suggests that these mechanisms are relatively labile on an evolutionary time scale.) In any case, only transposition-competent elements can give rise to lineages of new elements, which provides a very strong drive for evolving efficient UTR. This RNA has a small piece of 5′ PNTR (short arrow) and complete 3′ PNTR (long arrow). Steps 1, 2, and 3 show the RNA as it is reverse transcribed onto the chromosome end. 1: The polyA tail associates with the chromosome, and reverse transcriptase begins to copy the RNA. The gray oval represents proteins proposed to hold the RNA in a conformation that brings the 5′ PNTR sequence into proximity to the 3′ end of the 3′ PNTR. It is omitted for clarity in later steps. 2: When reverse transcriptase reaches the 5′ end of the transcript, it makes a template jump back to the 3′ end of the 3′ PNTR. 3: Reverse transcriptase dissociates the RNA-DNA complex and recopies some or all of the 3′ PNTR. As a result the transposed element will have more 5′ UTR sequence than the RNA did, and possibly more sequence than the element from which it was derived. 5′ end protection. The diversity of mechanisms seen in these studies seems to be a result of this drive.
Materials and Methods
Cell Lines. The D. virilis cell line WR Dv-1 and the D. melanogaster S3 cell line were maintained at room temperature in Schneider's Drosophila media (Gibco) with 10% heat-inactivated FBS (HyClone).
Sequence Anlyses. D. melanogaster TART-A, AY561850 (13,424 nt, from Oregon R stock) and AJ566116 (15,576 nt, from Canton S stock); TART-B, U14101 (nt 1-10515, omitting the repeat at the 3′ end); TART-C, AY600955, were used for dot plot comparisons. Additional sequences analyzed used only BAC, P1, or λ phage clones to avoid possible misassembly artifacts associated with whole genome sequencing.
Constructs for Promoter Activity. Constructs were in the pCaSpeR-AUG-β-gal vector. TART sequences in the polylinker drove expression of the lacZ reporter gene. Constructs are named by the nucleotide at each end of the construct. The numbering scheme for each set of constructs is explained in the figure legends. All D. virilis constructs were PCR amplified from the 3′ UTR of element TARTa phage V2 nt 3973 joined to the 5′ UTR of element TARTb phage V2 nt 4832 (AY219709). All D. melanogaster constructs were made from the 3′ end of the canonical TART-B (U14101). Constructs were verified by sequencing.
Transient Transfection. Promoter strength was measured by the activity of β-galactosidase expressed from each construct. To normalize transfection, pCMV-Luc (from N. Kamoshita, Jichi Medical University, Tochigi, Japan), which constitutively expresses luciferase under the control of the CMV promoter, was cotransfected with each experimental construct as previously described (7) . D. virilis cells were transfected with a calcium phosphate-DNA coprecipitation method, as previously described (7) . D. melanogaster cells were transfected with effectene as previously described (24) .
Expression Assays. Cells were harvested 48 h after transfection. Luciferase activity was measured by the Luciferase Assay System (Promega), and β-galactosidase activity was measured by the Beta-Glo Assay System (Promega). β-Galactosidase activity was normalized to luciferase activity. Data for analysis came from at least three independent experiments. Data from each experiment were normalized by the activity of one construct used for this purpose in every experiment.
